We have previously reported that tumor necrosis factor-(TNF-) suppressed pulsatile secretion of luteinizing hormone (LH) in adrenalectomized (ADX) rats, which was restored by replacement of glucocorticoid. In the present study, we examined the role of glucocorticoid in inducing the preovulatory LH surge under conditions of infectious stress. Intravenous injection of TNF-(1 µg) into the proestrous rats at 1300 h attenuated the LH surge and decreased the number of oocytes ovulated. The inhibitory effect of TNF-on the LH surge was blocked by pretreatment with indomethacin, suggesting that the effects of TNF-were mediated by prostaglandins (PGs). On the other hand, ADX markedly enhanced the inhibitory effect of TNF-on the LH surge and subsequent ovulation, which was almost completely restored by pretreatment with a subcutaneous injection of corticosterone (10 mg). These results suggest that glucocorticoid counteracts the inhibitory effect of the cytokines on the preovulatory LH surge by suppressing PG synthesis, and thereby helps to maintain reproductive function under infectious stress conditions.
Introduction
Infectious stress exerts a broad influence on the neuroendocrine system, resulting in the activation of the hypothalamic-pituitary-adrenal (HPA) axis and the suppression of the hypothalamic-pituitary-gonadal axis. There are many reports suggesting that the former is the cause of the latter: for example, both corticotropin-releasing hormone (CRH) (Rivier & Vale 1984 , Rivier et al. 1986 , Williams et al. 1990 ) and glucocorticoid (Baldwin 1979 , Briski & Sylvester 1994 , McGivern & Redei 1994 have been shown to suppress pulsatile luteinizing hormone (LH) secretion in rats and monkeys. We have previously shown, however, that suppression of the hypothalamic gonadotropin-releasing hormone (GnRH) pulse generator activity by tumor necrosis factor-(TNF-), which is one of the major cytokines responsible for the coordination of host defence mechanisms (Michie et al. 1988 , Sanna et al. 1995 , Yoo et al. 1997b , was enhanced by -helical CRH, a CRH receptor antagonist (Yoo et al. 1997a ). In addition, we have also shown that adrenalectomy (ADX) enhanced the inhibitory effect of TNF-on pulsatile LH secretion in ovariectomized rats, and that the secretion was completely restored by the replacement of corticosterone (Matsuwaki et al. 2003) . From these results, we hypothesize that the activation of the HPA axis plays a role in maintaining LH pulses under infectious stress conditions. In addition to the pulsatile secretion, LH is secreted in a surge fashion during the preovulatory period. These two methods of LH secretion appear to be governed by two intrinsically different neuronal systems -the GnRH pulse generator and the GnRH surge generator respectively (Nishihara et al. 1999) . In fact, the effects of stress on the LH pulse differ from those on the LH surge, and are affected by sex steroids (Cagampang et al. 1991) . For example, immobilization (Hashimoto et al. 1990 , Kam et al. 2000 and injection of interleukin-1 (Rettori et al. 1991 , MohanKumar et al. 2002 suppress both the LH pulse and the LH surge, while hypoglycemia inhibits only the LH pulse (Cagampang et al. 1990 , Kawaguchi et al. 1998 in rats. In addition, there are reports demonstrating that glucocorticoid suppresses the LH pulse in rats (Baldwin 1979 , Briski & Sylvester 1994 and monkeys (McGivern & Redei 1994 ), but does not affect the LH surge in rats (Sridaran & Blake 1980) and cows (Dobson & Smith 2000) . These observations suggest that stress and/or glucocorticoid may differently affect GnRH pulse versus surge generators. It is therefore necessary to reveal the effects of glucocorticoid on the LH surge in gonad-intact rats under stress conditions in order to understand the physiological significance of glucocorticoid in maintaining reproductive function.
In the present study, to elucidate the role of glucocorticoid in inducing the LH surge under conditions of infectious stress, we examined the LH surge and subsequent ovulation following TNF-injection, and the effect of ADX and corticosterone replacement on them. In addition, since it has been shown that prostaglandins (PGs), at least partially, mediate the suppressive effect of TNF-on LH pulses (Yoo et al. 1997a) and that glucocorticoid inhibits PG synthesis (Hirata et al. 1987 ), we also examined the possible involvement of PGs in the effects of TNF-on the LH surge.
Materials and Methods

Animals
Female rats of the Wistar-Imamichi strain were obtained from the Imamichi Institute for Animal Reproduction (Tsuchiura, Japan). The animals were maintained under controlled lighting conditions (lights on 0500-1900 h) and given free access to food and water. A number of the animals were adrenalectomized (ADX) under ether anesthesia at 8 weeks of age (body weight 230-250 g). For ADX animals, 0·85% saline was given as drinking water. The rats were subjected to the following experiments after at least 1 week of recovery. All of the experiments were carried out at the age of 9 to 11 weeks. The experiments were conducted according to the Guidelines for the Care and Use of Laboratory Animals, Graduate School of Agriculture and Life Sciences, the University of Tokyo.
Experimental procedures
All of the intact (n=15) and ADX (n=15) rats used in the present study showed at least two successive 4-day estrous cycles, which were confirmed by their vaginal smears. The day before the experiments, a silastic cannula was inserted into the jugular vein under ether anesthesia. The distal end of the cannula was tunneled subcutaneously to the back of the neck. On the day of the experiment, i.e. the day of proestrus, the animals were moved to the experimental room and allowed at least 2 h for adaptation. A blood sample (200 µl) was withdrawn through the indwelling jugular cannula from freely moving animals without anesthesia at 1-h intervals from 1200 h to 1900 h. After the withdrawal of each blood sample, an equal volume of heparinized saline (10 U/ml), in which erythrocytes were suspended, was replaced through the cannula. At 1200 h, five ADX animals were subcutaneously injected with corticosterone (Wako, Osaka, Japan; 10 mg/0·3 ml sesame oil). At 1300 h, ten ADX animals including those pretreated with corticosterone were administered TNF-(R & D Systems, Minneapolis, MN, USA; 1 µg/50 µl saline) through the indwelling jugular cannula. Ten intact rats were also treated with TNF-at 1300 h; five of them had been intravenously injected with indomethacin (Cayman Chemical Company, Ann Arbor, MI, USA; 1 mg/100 g body weight), a PG synthesis inhibitor, 10 min before the injection of TNF-. The remaining five intact and five ADX animals received saline at 1300 h. The collected blood samples were allowed to clot for 1-2 h at room temperature and centrifuged at 5000 g for 15 min. The separated serum was stored at 80 C until assayed. Between 0800 h and 1000 h on the next day, i.e. the day of estrus, the number of oocytes in the ampulla of the oviduct of both sides was counted.
Hormone assay
Serum concentrations of LH and corticosterone were measured with a rat LH RIA kit and a rat corticosterone RIA kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA) respectively. The intra-and interassay coefficients of variation for LH assays, which were calculated from five replicated determinations for a pool of rat serum containing 12·9 ng/ml LH, were 4·1% and 5·8% respectively. For corticosterone, the intra-and interassay coefficients of variation, which were calculated from five replicate determinations for a pool of rat serum containing 231·5 ng/ml corticosterone, were 7·4% and 11·8% respectively.
Statistical analysis
The data were statistically analyzed by one-way factorial ANOVA followed by post-hoc comparison of Scheffe's test between the two groups. Differences were considered significant at P,0·05.
Results
Changes in serum LH levels in the afternoon of proestrus are shown in Fig. 1 . Table 1 shows the LH concentrations at 1200 h and at the peak of the surge, and the number of oocytes in both oviducts the next morning. Serum LH levels at 1200 h were not different among all the experimental groups. When TNF-was injected into intact rats, the LH surge tended to be suppressed, although not significantly, and the number of oocytes ovulated was significantly decreased. This inhibitory effect of TNF-on the LH surge was completely blocked by pretreatment with indomethacin, whereas no oocytes were detected in any of the animals pretreated with indomethacin. Although ADX did not affect the LH surge and the number of oocytes ovulated, injection of TNF-into the ADX animals almost entirely suppressed the LH surge. In addition, four out of the five ADX animals injected with TNF-had died by the next morning, and no oocytes were observed in the oviduct of the remaining animal. When corticosterone was injected 1 h before TNFinjection in ADX animals, the LH surge was restored and the number of oocytes in the oviducts was not different from that of intact animals. As shown in Fig. 2 , the serum corticosterone concentration reached a peak (510·9 ng/ ml) 2 h after corticosterone injection in ADX rats; this value was not significantly different from the peak value (439·7 ng/ml) in intact rats following TNF-injection.
Discussion
In the present study, injection of TNF-at 1300 h reduced the peak levels of the LH surge, although not significantly, and significantly decreased the number of oocytes ovulated. Since it has been shown that the LH surge in rats is blocked by the injection of compounds that disrupt neuronal activity during the critical period, which is roughly from 1300 h to 1600 h in the afternoon of proestrus (Everett 1989 , Stoker et al. 2001 , the present result suggests that TNF-can also decrease the neuronal activity required for the induction of the LH surge. There seems to be a threshold amount of LH secretion needed to induce ovulation, which is about a fourfold increase above the basal LH concentration (Turgeon & Barraclough 1973) . The ratio of the peak-to-basal LH concentrations in animals injected with TNF-was 6·3, while it was 10·2 in control animals in this study. The LH concentration in the TNF--injected animals may not have reached the level necessary to induce normal ovulation, although it exceeded the threshold level. In the present study, pretreatment with indomethacin almost completely blocked the inhibitory effect of TNFon the LH surge. We have previously reported that PGs mediate the suppressive effect of TNF-on the electrical activity of the hypothalamic GnRH pulse generator (Yoo et al. 1997a) . Taken together, it is suggested that PGs play a pivotal role in mediating the inhibitory action of TNFon the surge as well as on the pulsatile secretion of LH. In spite of the normal LH surge, oocytes could not be detected in either side of the oviducts in the indomethacin-pretreated animals. This is probably due to the direct action of indomethacin on the ovary as reported previously (Shirota et al. 1998) .
ADX did not affect the estrous cycle, the LH surge or subsequent ovulation, consistent with a previous report (Sridaran & Blake 1980) . However, ADX animals seemed to be much more susceptible to TNF-because the LH surge was not observed in any of the ADX animals injected with TNF-, and most of them died by the next morning. Pretreatment with corticosterone almost completely blocked the effect of ADX; all of the animals injected with corticosterone survived with a normal LH surge and ovulation. The serum profile of corticosterone following its injection into ADX animals was similar to that following TNF-injection into intact animals, indicating that glucocorticoid plays an important role in inducing the LH surge and subsequent ovulation, as well as the LH pulse in ovariectomized rats (Matsuwaki et al. 2003) , under infectious stress conditions. Although the neuronal systems inducing the LH pulse and surge, respectively, are regarded as intrinsically different (Nishihara et al. 1999) , glucocorticoid could counteract the suppressive effects of infectious stress on both systems.
As mentioned above, PGs are involved in mediating the inhibitory effect of TNF-on the LH surge. On the other hand, glucocorticoid is known to inhibit PG synthesis (Hirata et al. 1987) . Taken together, the increase in glucocorticoid secretion probably counteracted the cytokine effects by suppressing PG synthesis in the hypothalamus, and thereby restored the LH surge. Contrary to the present results, there are many studies indicating inhibitory effects of glucocorticoid on reproductive processes in rats (Baldwin 1979 , Briski & Sylvester 1994 , McGivern & Redei 1994 . Although further studies are needed to reconcile the contradiction, one of the possible explanations for the difference in the effects of glucocorticoid is the difference in the stressors the animals suffered. Glucocorticoid may preferably interfere with the suppressive effect of stress on reproductive function when the effect of stress is mainly mediated by PGs in the hypothalamus as in the case of infectious stress examined in the present study.
The present study demonstrates that an increase in glucocorticoid levels is a prerequisite for the maintenance of the preovulatory LH surge under infectious stress conditions. Although CRH has been regarded to be inhibitory towards reproductive function (Rivier & Vale 1984 , Rivier et al. 1986 , Williams et al. 1990 , we have previously shown that intracerebroventricular injection of -helical CRH enhanced the TNF--induced suppression of the GnRH pulse generator (Yoo et al. 1997a ). In addition, we have also shown that glucocorticoid maintains pulsatile secretion of LH under infectious stress conditions (Matsuwaki et al. 2003) . Taken together, we conclude that the activation of the HPA axis and the resultant increase in glucocorticoid levels are physiologically involved in the maintenance of reproductive function, at least under conditions of infectious stress.
Funding
This work was supported by a Grant-in-Aid for Scientific Research, the Japan Society for the Promotion of Science (13854007, to M N).
References
Baldwin DM 1979 The effect of glucocorticoids on estrogendependent luteinizing hormone release in the ovariectomized rat and on gonadotropin secretion in the intact female rat. 
